The site selection plays an important role in the entire life cycle of a tidal power plant (TPP) project. However, some problems decrease the evaluation quality of TPP site selection: (a) suitable and effective methods are scarce since the TPP site selection involves multiple forms of data; (b) there is no comprehensive evaluation index system due to the unilateralism of existing criteria. In this paper, we firstly propose a novel method based on interval number with probability distribution weighted operation and stochastic dominance degree. It takes all stakeholders' preferences into consideration and can simultaneously deal with different forms of data in the TPP site selection; then, a comprehensive evaluation index system for TPP site selection is constructed on the basis of academic literature, feasibility research reports and expert opinions in different fields. It takes the factors of construction conditions, existing policies, social impacts as well as ecological and environmental impacts which reflects the inherent characteristics of TPP site selection fully into account. Finally, a Chinese case study is given to illustrate the applicability and effectiveness of the proposed method.
Introduction
Climate change presents a threat to ecosystems and human society [1] . In response to the urgent circumstances of global climate change, the Chinese government has made a commitment to reduce the levels of carbon dioxide emissions significantly during the coming years. In order to achieve this formidable task, it is imperative to develop renewable energy sources to replace conventional fuels since the use of coal in electricity generation is a major source of carbon dioxide in China. Among all forms of renewable energy which can be converted to electricity, tidal energy offers lots of advantages. It is not only a freely available and abundant source, but also one that is of nonpolluting, and predictable for as far into the future as it is necessary to consider [2] . Moreover, the longevity of tidal barrages is also a considerable advantage. Compared with the 40 year service life of a nuclear power plant and just 20 years of service life of a wind farm, a tidal barrage can last for 120 years. Developing tidal energy could not only help combat the greenhouse gas effect, but also alleviate the energy crisis in the regions of Eastern China. Tidal energy resources and the number of potential barrage sites in coastal provinces are given in Table 1 . As can be seen from the table, the distribution of tidal energy is extremely uneven since nearly 87% of the national tidal energy is distributed in the East China coastal area (Zhejiang, Fujian Province and the north branch of the Yangtze River). At the same time, those areas demand large amounts of energy while the conventional resources are scarce, which significantly affects the socio-economic development of the regions. Thus the Chinese government is more concerned than ever about tidal energy, and the wish to develop TPP is stronger than before. However, how to select the optimal one from the 426 potential barrage sites (listed in Table 1 ) is a daunting challenge for decision-makers (DMs). Numerous studies concerning tidal energy have been carried out in the past, mainly focusing on the following aspects: turbine technology [3] [4] [5] [6] , sediment transport simulation models [7] [8] [9] [10] resource assessments [11] [12] [13] , and cost-benefit analysis [14, 15] . It can be seen that many scholars have paid considerable attention to tidal energy in the recent years, however, compared with the aforementioned aspects, valid researches on TPP site selection are rare. Rainey [16] selected the optimum location for a tidal power barrage from the point of view of electricity generation, but he did not study the social, ecological and environmental impacts of TPP, which must be considered in the TPP site selection. Due to the lack of research on TPP site selection, some problems concerning this issue remain unsolved.
First of all, an effective and suitable method has not been proposed. Due to the increasing complexity of objects and the restriction of measuring technology and the inherent vagueness of human thinking, the TPP site selection data is usually heterogeneous. The vagueness of human thinking means that human beings cannot express their opinions as accurately as machines when describing a complex object, and vagueness and uncertainty always exist in the mode of thinking. Some criteria values can be measured definitely and expressed by real numbers, while some criteria values are usually expressed by random numbers due to the restriction of measuring and forecasting technology. However, for the criteria which are affected by multiple factors, it's difficult to obtain their values by measurement methods. In practice, it's common to ask several experts to evaluate them according to their experience. Because of the inherent vagueness of human thinking, the value is generally expressed by an interval number rather than real number [17, 18] . Thus interval number forms are usually used simultaneously to express the criteria values of alternatives. Multi-criteria decision making (MCDM) is a well-known branch of decision-making, which aims to find the most suitable solutions from a set of alternatives under multiple criteria conditions [19] . A lot of methods have been developed to deal with MCDM problems with interval numbers or random numbers, respectively [20] [21] [22] [23] [24] [25] [26] . However, for real-world decisions where several forms of number are used simultaneously, methods for a single form of number are helpless.
Besides that, in real-world decision situations, DMs are just the agents of all stakeholders. The decision should be made based on the preference of all stakeholders, but not the agents'. In such cases, the elicitation of a unique probability or utility function may be difficult and its usage is questionable [27] . One well-regarded method for comparing two alternatives with uncertain utility information is via the idea of stochastic dominance (SD). As a method for comparing two alternatives with uncertain information, the SD rule has many advantages. It takes the differences of stakeholders' utility functions into account and compares the expected utility of alternatives pairwise. What's more, Energies 2016, 9, 832 3 of 26 it only makes minimal assumptions regarding utility function, and makes no assumptions at all with respect to the particular probability distributions of returns [28] . However, the disadvantages of the method are also obvious. First of all, SD rules have strong conditions and generally a SD relation between two alternatives does not exist [29] . Then SD relations are qualitative rather than quantitative. The verification of SD relations is not sufficient to accept strict preference if the alternatives differ insignificantly [30] .
Secondly, no work exists on integrating a series of criteria into an evaluation index system. Many scholars merely discussed some part of the factors which influence the site selection of TPP. For example, Hooper and Austen [31] provided a detailed review of the current understanding of the potential ecological and social impacts of tidal barrages, and gave a discussion of strategies for mitigating barrage impacts; Xia et al. [32] mainly studied the hydrodynamic impact of three proposed tidal power projects; Fedorov and Shilin [33] analyzed basic factors of TPP's influence exerted on the coastal ecosystems. However, the TPP site selection is a MCDM issue [34] , which is collectively affected by various factors. Thus a comprehensive index system for TPP site selection must be constructed urgently.
To address these problems, a novel MCDM method based on interval number with probability distribution (INPD) weighted operation and stochastic dominance degree (SDD) is proposed to select an optimal TPP site. INPD is a uniform form of real number, interval number and random number. Under certain conditions, it can be degraded to the three forms of number. Using INPD, we can calculate and rank the three forms of number with the same method. Moreover, the newly proposed SDD definition overcomes the defects in traditional SD rules. It can measure the degree of SD and ASD and it has clear economic meaning. For real numbers, interval numbers and random numbers, the results derived from SDD are all consistent with those derived from traditional methods. Compared with existing methods, the new method can better cope with different forms of number in the TPP site selection, and produce a precise dominance degree for every alternative, which is helpful to make correct decisions. In addition, a comprehensive evaluation index system of TPP is established by referring to the relative academic literature, feasibility research reports and expert opinions in different fields. These consist of construction conditions, existing policies, societal, as well as ecological and environmental aspects associated with a total of 22 sub-criteria.
The rest of this paper are organized as follows: the next section elaborates the basic theory of INPD and SDD. The index system and decision framework for the TPP site selection are presented in Section 3. In the Section 4, the description of prospective TPP sites in China after the preselection phase is given. Section 5 performs the optimal TPP site selection by employing the Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) method based on INPD and SDD, then a result analysis and sensitivity analysis are also carried out. Section 6 conducts a comparative analysis. In the last section (Section 7), the conclusions are provided.
INPD and SDD Methods for TPP Site Selection

Preliminaries
In TPP site selection, the evaluations of the alternatives are expressed in three different forms: real numbers, interval numbers and random numbers. However, methods which can deal with the three forms of number are scarce. In this section, we firstly propose the definition of interval number with probability distribution. The real number, interval number and random number can be deemed as special forms of INPD. Then, a new definition of stochastic dominance degree based on almost stochastic dominance is presented to compare and order any two INPD. Finally, a TOPSIS-based method is proposed to solve the TPP site selection problem. [ 
.
The three weighted operators are respectively called interval numbers with probability distribution weighted compromise operator (INPDWCP), interval numbers with probability distribution weighted acceptance operator (INPDA) and interval numbers with probability distribution weighted consensus operator (INPDWCS).
Almost Stochastic Dominance and Stochastic Dominance Degree
SD rules are used to identify SD relations for pairwise comparisons of alternatives under uncertain environment conditions. They are robust analytical tools for solving decision making problems under uncertainty [35, 36] and have been applied in economics and finance [37] [38] [39] because of less restrictive assumptions. As one method for solving uncertain problems, SD rules have proven extremely useful [30, [40] [41] [42] . However, its disadvantage is also obvious. SD rules are so strict that the SD relation between two alternatives does not exist sometimes, and it would be difficult to obtain a clear ranking of alternatives. In standard SD rules, some utility functions are deemed "extreme" and do not represent the preferences of any real-world DM. Leshno and Levy [43] suggested that we should rule out such utility functions. They defined the concept of almost stochastic dominance (ASD). It's a form of SD which holds for most, but not all, of the utility functions in a given class. Leshno and Levy's ASD was defined as follows: Definition 5. Let X and Y be two random variables, F(x) and G(x) be the cumulative distribution functions of X and Y, respectively, [a, b] (−∞ < a < b < ∞) be the finite support of cumulative distributions, where a and b are the most extreme limits on our distributions of returns. For every 0.5 < ε < 1: let U almost (ε) include all the utility functions u for which u (x) ≥ 0 and u (x) ≤ inf {u (x)} ε 1−ε : F(x) ε− Almost stochastic dominance G(x)(F(x) > ε−ASD G(x)), if and only if:
The core idea of ASD is to relax the strict restrictions on distribution functions by eliminating some extreme utility functions, and to obtain the dominance relation held by almost all DMs. For decision making problems, the elimination of utility functions is actually the elimination of the DMs with these utility functions or the DMs who may not support the dominance relation. According to the "elimination" concept of ASD, we can state the following proposition:
, for all stakeholders whose utility function u ∈ U 1−almost (ε 1 ), they hold E F (u(X)) ≥ E G (u(Y)), namely X dominate Y.
Note that when ε approaches 0.5, the set U almost contains risk-neutral utilities only, when ε approaches 1, the set U almost approaches "all" utility functions. This implies that the closer ε gets to 0.5, the fewer DMs hold utility function u ∈ U almost , or the fewer DMs hold X dominates Y. And the closer ε gets to 1, the more DMs hold X dominate Y. The value of ε reflects the number of people who hold X dominate Y. The more people hold X dominate Y, we should believe the better X than Y. Therefore, we choose ε as an indicator with respect to the merit of alternatives. On the other hand, mean is also a simple and time-honored indicator taken from financial applications to measure the value of uncertain number. Many methods, such as mean-variance and mean-semi variance, regard mean as an important indicator to judge priority of alternatives. Although the introduction of utility function makes expected utility and mean unequal, there is still positive correlation between them. Especially when some extreme utility functions are excluded, the correlation increases further. Therefore, we choose mean as the other indicator. The new stochastic dominance degree were defined based on the above two aspects. Definition 6. If F(x) > SD G(x) (either almost or standard), then the stochastic dominance degree (SDD) of F(x) > SD G(x) (denoted as D(F(x) > SD G(x))) is given by:
where ε =
) is abbreviated as D FG for brevity.
Note that, when ε = 1, ASD is reduced to standard SD. The SDD is defined as
Proposed Methodology
Consider a TPP site selection problem. Let A = {A 1 , A 2 , · · · A m } (m ≥ 2) be a discrete set of alternatives, and C = {C 1 , C 2 , · · · , C n } be the set of criteria, w = (w 1 , w 2 , · · · , w n )
T is the weight vector of the criteria, with 0 ≤ w j ≤ 1 and
T be the weight vector of DMs, where
is the INPD decision matrix, where r ijk is an INPD, provided by the DM d k for the alternative A i with respect to the criteria C j . The problem concerned is to rank alternatives or to select the most desirable alternatives among a finite set A based on a decision matrix R ijk (k = 1, 2, · · · , t), criteria weight vector w and DM weight vector λ.
Step 1: Calculate the normalized decision matrix.
The normalized values n ij l , n ij u and f n (x) ij are calculated as
The normalization method mentioned above is to preserve the property that the ranges of normalized interval numbers belong to [0, 1].
Step 2: Construct the weighted normalized interval decision matrix as: 
Step with respect to the criteria C j .
Step 5: Identify positive ideal solution and negative ideal solution as:
where O is associated with benefit criteria, and I is associated with cost criteria.
Step 6: Calculate the separation of each alternative from positive ideal solution and negative ideal solution. The separation of each alternative for each criterion from the ideal solution can be defined as
Then the separation of each alternative from the positive and negative ideal solution, using the n-dimensional Minkowski distance, can be currently calculated as
Step 7: Calculate the relative closeness to the ideal solution. The relative closeness of the alternative A j with respect to A + is defined as
Step 8: Rank the preference order of all alternatives according to the closeness coefficient.
Index System and Decision Framework for the TPP Site Selection
Index System for the TPP Site Selection
The process of site selection not only simply considers the power generation capacity, but also takes the social, ecological and environmental implications as well as local existing policies into consideration. In light of the academic literature, feasibility research reports and expert opinions in different fields, the criteria and sub-criteria of TPP site selection are established and listed in Table 2 . The first two criteria reflect the impacts of various local conditions on the TPP, the last two criteria are the impacts induced by the TPP after completion. The analysis of these criteria and sub-criteria is given in Appendix A. TPP site selection involves evaluating and selecting the optimal one through comparing the alternatives against a series of qualitative and quantitative criteria. The sub-criteria values can be divided into three forms: real numbers, random numbers and interval numbers. The first two forms of criteria are quantitative criteria, while the last one is qualitative criteria: (1) Real number. Those criteria are C12, C14, C16, C17, C18, C19, C21, C22, C23, C44 and C45. The value of such criteria can be measured definitely and expressed by a real number; (2) Random number. Due to the restriction of measuring and forecasting technology, the values of criteria C11, C13 and C31 is usually expressed by random numbers; (3) Interval number. For the criteria C15, C32, C33, C34, C41, C42, C43 and C46 which are affected by multiple factors, it's difficult to obtain their values by measurement methods, so it's common to invite a group of experts, whose academic backgrounds are hydrology, policy/legislation, engineering, renewable energy, social, economic and environmental fields, to score those criteria with respect to the four alternatives to reduce the subjectivity of any expert as much as possible. Because of the inherent vagueness of human thinking, experts generally express their preferences or assessments by using interval numbers rather than real numbers.
Decision Framework for the TPP Site Selection
In this section, a four-stage decision framework for the TPP site selection is presented in Figure 1 , which not only suits TPP selection in China, but for TPP selection in other regions. Moreover, because most studies neglected the managerial idea and lacked practical operability, this decision framework combines the method in this paper with the decisions of project managers. A review and decision committee (hereafter referred to as committee) consisting of different level project managers who have rich experience in TPP management and three expert groups whose academic backgrounds are hydrology, policy/legislation, engineering, renewable energy, social, economic and environmental fields is set up.
Stage 1: Identifying prospective alternatives
In the first stage, the top-level managers should take the electricity demand, economic conditions and natural conditions into account to identify several prospective sites. The objective of this stage is to eliminate inferior sites leaving a number of "qualified" sites. The benefits would be twofold: (1) the complexity and difficulty of decision-making can be reduced partly; (2) nonsense and useless work can be avoided. After that, expert group-I should make a thorough investigation of the prospective sites, and then provide a detailed analysis of operating modes, technology applied and installed capacity.
Stage 2: Selecting the decision criteria and sub-criteria
In the second stage, an assessment panel should be organized among the middle-level managers. The assessment panel, which is made up of experts in group II, has three tasks: (1) Filtering the criteria and sub-criteria for TPP site selection from the index system. Some criteria should be screened out since the values of them are nearly same with respect to some sites; (2) Scoring the qualitative criteria which values are interval numbers; (3) Estimating the weights of criteria and sub-criteria by using the AHP method.
Stage 3: Collecting the data and information
In the third stage, an investigation team should be organized among the lower-level managers. The investigation team mainly gathers the data and information for the criteria, which values are real numbers and random numbers. A review and decision committee (hereafter referred to as committee) consisting of different level project managers who have rich experience in TPP management and three expert groups whose academic backgrounds are hydrology, policy/legislation, engineering, renewable energy, social, economic and environmental fields is set up.
Stage 1: Identifying prospective alternatives
Stage 2: Selecting the decision criteria and sub-criteria
In the second stage, an assessment panel should be organized among the middle-level managers. The assessment panel, which is made up of experts in group II, has three tasks: (1) Filtering the criteria and sub-criteria for TPP site selection from the index system. Some criteria should be screened out since the values of them are nearly same with respect to some sites; (2) Scoring the qualitative criteria which values are interval numbers; (3) Estimating the weights of criteria and sub-criteria by using the AHP method. 
Description of Prospective TPP Sites in China
Preselection Phase
It has been mentioned previously that there are total 426 potential barrage sites in China's coastal areas complying with the basic requirements of the establishment of TPP, so it is a complex and challenging task for top-level managers to select the optimal one from among so many alternatives. Besides it is impossible to collect a large amount of data for every potential site. Thus, the preselection phase is extremely necessary which improve the efficiency and quality of decision making. The screening procedure indicates the following:
(1) Zhejiang and Fujian provinces are the primary development areas for establishing a TPP. The reasons are as follows: (a) the best tidal energy resources are located in Fujian and Zhejiang provinces [44] ; (b) the fossil fuel resourced in the two provinces is scarce, so billions of tons coal are transported there from the north provinces of China, which increases the transport pressure of railways; (c) the electricity demand is extremely high due to the rapid development of the economy in the two provinces. In view of the above points, Zhejiang and Fujian provinces are selected as priority areas to build a TPP. Thus, the number of potential barrage sites could be reduced to 161 (73 + 88).
(2) After the construction and successful operation of the Jiangxia TPP, the key scientific and technical problems of building and running a TPP in China were basically solved. In order to build large-scale TPPs in the future, a middle-scale test TPP with an installed capacity of about 10 4 × kW-class is required at present. There are only 13 potential TPP sites that meet this requirement [45] .
(3) Excellent natural conditions are required, which are listed as follows: (a) avoid military activity areas and military facilities area as much as possible; (b) the mean tidal range has to be higher than 3 m; (c) the average sediment concentration has to be lower than 0.5 kg/m 3 ; (d) avoid large faults, landslide and other unstable area.
Only four TPP sites meet the excellent natural condition requirements and are the four entering the data collection stage. In order to help project managers further understand the characteristics of the four ideal TPP sites, the introduction of the four TPP sites about their distribution, general engineering characteristics as well as barrage locations are carried out in the following Figure 2 , Table 3 , and Figure 3 , respectively. Site investigations are carried out at the four TPP sites and the decision data (listed in Tables 4 and 5 and shown in Figure 4 ) are collected and surveyed, including the social and economic data, electric power system data of the cities as well as the data about policy/legislation/legislation, hydrology, tides, underwater topography and geology of the relative sites. The general engineering characteristics of the four aforementioned sites are given in Table 3 . For the specific sites, more than one barrage scheme could be selected. Thus, the best locations of the ideal barrage for every TPP are identified based on the feasibility study shown in Figure 3 . The general engineering characteristics of the four aforementioned sites are given in Table 3 . For the specific sites, more than one barrage scheme could be selected. Thus, the best locations of the ideal barrage for every TPP are identified based on the feasibility study shown in Figure 3 . The general engineering characteristics of the four aforementioned sites are given in Table 3 . For the specific sites, more than one barrage scheme could be selected. Thus, the best locations of the ideal barrage for every TPP are identified based on the feasibility study shown in Figure 3 . The four ideal sites are particularly attractive for tidal power due to their respective advantages, which are listed as follows:
Site Descriptions
(1) Huangdun Harbor: It is located at the end of Xiangshan Harbor. The two major advantages of Huangdun Harbor are the low silt content of the seawater (about 32%), and no sedimentation problems with good economic indicators. Moreover it does conflict with maritime traffic, coastal defense, and the project layout is also reasonable.
(2) Jiaotiao Harbor: This site has been listed in the marine function zoning of Sanmen City. Except for an abandoned port and wharf on the left bank of the site, there are basically no large ports, wharves or land reclamation zones in the reservoir area, so there is no major factor restricting project construction. Moreover, the maximum tidal range of 7.25 m, and the small investment of 62.5 million yuan and short construction period of 4 years are the major advantages of this site.
(3) Bachimen: It is on the edge of Shacheng B, located on the northeast coast of Fujian Province [46] . This area seriously lacks coal and oil but is rich in tidal energy resources (the installed capacity is about 36 MW, and the annual output is about 8638 TW·h). The barrage is sited in a narrow gorge, and has the features of a smaller entry and a bigger middle part. The barrage length is about 300 m, and the reservoir area is about 19.1 km 2 . At present, the county is severely short of electricity, which is seriously affecting industrial and agricultural production. The construction of a TPP can be combined with the construction of the 104 State Line Road Highway Bridge, reducing part of the generation investment. The multiple utilization benefits in Bachimen TPP are also considerable.
(4) Daguanban: The Daguanban TPP located in Lianjiang County has many advantages, such as a maximum tidal range of 5.02 m, slight silt silting of 0.67-1.92 cm/year, and a rocky base. Those natural conditions and existing engineering structures are advantageous to the construction of a TPP. As a result the higher construction cost can be minimized since the required infrastructure already exists.
TPP Site Selection in China, Result Analysis and Sensitivity Analysis
Optimal TPP Site Selection by Employing TOPSIS Method Based on INPD and SDD
In this section, the INPD and SDD methods are employed to select the optimal one from the aforementioned four TPP sites. The step by step procedure is as follows:
Step 1: The assessment panel identifies the criteria and sub-criteria. For the four particular sites, the sub-criteria C18, C19, C46 could not be taken into account, since their values are almost equal. The rest of the criteria and sub-criteria in the index system are used as the basis to make decisions.
Step 2: Two tasks have been undertaken by the expert group-II: (a) score the qualitative criteria on a scale of 0 to 100; (b) use the AHP method to evaluate the corresponding weights of criteria and sub-criteria;
The investigation team collected the decision data of the criteria which are in real number form, as shown in Table 4 . The four ideal sites are particularly attractive for tidal power due to their respective advantages, which are listed as follows:
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Optimal TPP Site Selection by Employing TOPSIS Method Based on INPD and SDD
Step 2: Two tasks have been undertaken by the expert group-II: (a) score the qualitative criteria on a scale of 0 to 100; (b) use the AHP method to evaluate the corresponding weights of criteria and sub-criteria. The investigation team collected the decision data of the criteria which are in real number form, as shown in Table 4 . Because those criteria C15, C32, C33, C34, C41, C42, and C43 are quantitative, an assessment panel is organized by expert group-II, to grade them on a scale from 0 to 100. The corresponding scores are shown in Table 5 . Due to the restriction of measuring and forecasting technology, the distribution functions of the random numbers are difficult to obtain, thus the distribution functions of the random numbers are simulated to smooth curves according to the data collected by the investigation team, as shown in Figure 4 . Step 3: The assessment panel applies AHP to evaluate the corresponding weights of criteria and sub-criteria, which are shown in Table 6 . The following steps are done by expert group-III:
Step 4: Identify the SD or ASD relation, calculate the SDD, and then set up SDD matrix for each criterion. For the uncertain criteria, the SDD are calculated with Equation (9) . For the certain criteria, the SDD are equal to the difference of criteria value. The SDD matrixes for each criterion are shown in Appendix B1.
Step 5: Identify positive ideal solution and negative ideal solution and calculate the separation of each alternative from positive ideal solution and negative ideal solution, which is shown in Table 7 . Step 3: The assessment panel applies AHP to evaluate the corresponding weights of criteria and sub-criteria, which are shown in Table 6 . The following steps are done by expert group-III:
Step 4: Identify the SD or ASD relation, calculate the SDD, and then set up SDD matrix for each criterion. For the uncertain criteria, the SDD are calculated with Equation (9) . For the certain criteria, the SDD are equal to the difference of criteria value. The SDD matrixes for each criterion are shown in Appendix B.1.
Step 5: Identify positive ideal solution and negative ideal solution and calculate the separation of each alternative from positive ideal solution and negative ideal solution, which is shown in Table 7 . Step 6: Calculate the relative closeness to the ideal solution: Ψ = (0.517, 0.339, 0.759, 0.285)
Step 7: The ranking result of alternatives is A3 > A1 > A2 > A4.
Result Analysis
The four alternatives are ranked by the TOPSIS method based on IPND and SDD, and the result shows that the alternative A3 is the optimal. From the relative closeness to the ideal solution, it can be seen that the gaps between the four alternatives are relatively large, which implies the ranking results are relatively stable. Although the overall ranking of A3 is the first, it has bad performance on the seismic intensity (C16), income tax relief (C22), water quality within the basin damage (C42), as well as fish and other marine animals' damage (C43), which can be observed in Table 7 . Thus, the committee needs to take corresponding measures to solve these issues, such as increasing the earthquake resistance grade in the process of construction and adopting a fish-friendly technology to reduce negative environmental effects. If these measures fail to be implemented, it will cause serious consequences in terms of economic cost and environmental impacts. On the contrary, the alternative A3 will be ideal to construct a TPP if these measures can be implemented. For the alternative A1, it obtains high scores on the basin area (C12), degree of sediment silting (C13), seismic intensity (C16), government subsidies (C21), income tax relief (C22) and on-grid price (C23). These numerous significant advantages will enable the committee to think twice on this alternative before making a final decision. The alternatives A2 and A4 receive lower scores, which means that there are many flaws in some aspects of the twin sites.
Sensitivity Analysis
A sensitivity analysis is performed to test whether the results would qualitatively change if the criteria weights fluctuate. Figure 5 shows those cases where the four criteria have 10%, 20% and 30% less weight and 10%, 20% and 30% more weight than the base weight. The overall consequences of the sensitivity analysis are that no matter how changes of criteria weights within plus or minus 30%, A3 is always the best alternative and its scores are much higher than other alternatives. At the same time, the ranking result of four alternatives is always A3 > A1 > A2 > A4, which is extremely stable. Based on these robust results, it could be concluded that the method proposed in this study is effective and suitable for the optimal site selection of TPP. Figure 4 also presents that A1 has good performance on criteria C2 while has poor performance on other three criteria. The gap between A1 and the best alternatives A3 is greatly narrow with the weight of C2 growth. In all the case of criteria weight fluctuation, the score of A2 remain relatively stable. In some extent, it means that A2 has less sensitive towards the changing of criteria weight. A3 is superior to other alternatives, and the superiority of A3 becomes greater with the weight of C1 and C3 growth. Although A4 obtains the lowest values in those cases, it will surpass A2 if the weight of C1 continues to growth or the weight of C2 continues to drop. Nowadays, the government and general public are giving more and more attention to the ecological environment, and DMs consider more about ecological and environmental aspects when selecting a TPP site. In terms of C4 (ecological environment impacts), A1, A2, and A4 all have no chance to surpass A3 since the scores of four alternatives are all relatively stable. It implies that the alternative A3 will still secure its top ranking no matter changes on the weight of C4 and it relative importance. From the aforementioned analysis, it is rational for the DMs to choose the alternative A3 to be the optimal TPP site.
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Discussion
In this section, the validation on an international site for a potential TPP location is firstly performed based on the case of the Severn Estuary in the UK. Subsequently, the analysis of the international relevance of this paper is also discussed.
Validation on an International Site for a Potential TPP Location
It is necessary to discuss the validation of the proposed methodology on an international site for a potential TPP location. The Severn Estuary in the UK, which is one of the most promising sites in the world for constructing a TPP, is taken as an example. The Severn Estuary has a natural and cultural heritage which deserves special attention and it is also a living and working environment for many people who live around its shores and care about its future. More importantly, the Severn Estuary has the potential to generate more renewable electricity than all other UK estuaries. If harnessed, it could create up to 5% of the UK's electricity, contributing significantly to UK climate change goals as well as European Union renewable energy targets. A number of different barrage proposals have been proposed for the Severn Estuary, all of them are of national public interest. Thus, it is strongly recommended that a site selection be carried out if any proposal is chosen as a development one.
Similarly, a committee consisting of different level project managers and three expert groups is set up. The procedure of TPP site selection in the Severn Estuary is as follows: firstly, in order to make a better comparison, the barrages A-E in the Severn Estuary mentioned in the Rainey's paper [16] are used as the prospective alternatives; Secondly, for the Severn Estuary, the criteria and sub-criteria are selected from the index system introduced in Section 3.1 by the expert group-II. Then, to estimate the weights of criteria and sub-criteria, the comparative judgment matrixes are conducted by the expert group-II, which is shown in Appendix B2. Table 8 shows the selected criteria and sub-criteria as well as their corresponding weights. Thirdly, the values of the sub-criteria with respect to the barrages A- Figure 5 . Sensitivity analysis result of changing the four criteria weight.
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Validation on an International Site for a Potential TPP Location
Similarly, a committee consisting of different level project managers and three expert groups is set up. The procedure of TPP site selection in the Severn Estuary is as follows: firstly, in order to make a better comparison, the barrages A-E in the Severn Estuary mentioned in the Rainey's paper [16] are used as the prospective alternatives; Secondly, for the Severn Estuary, the criteria and sub-criteria are selected from the index system introduced in Section 3.1 by the expert group-II. Then, to estimate the weights of criteria and sub-criteria, the comparative judgment matrixes are conducted by the expert group-II, which is shown in Appendix B.2. Table 8 shows the selected criteria and sub-criteria as well as their corresponding weights. Thirdly, the values of the sub-criteria with respect to the barrages A-E are collected: (1) the data of sub-criteria C11 are derived from tide stations' observation records; (2) the data of sub-criteria C12, C13, and C15 come from the Rainey's paper [16] ; (3) the data of sub-criteria C34 are calculated by Kelly's methodology [47] ; (4) the sub-criteria C14, C21, C22, C23, C31, C32, C33, C35 are all qualitative criteria, so they are scored by expert-group II on a scale of 0 to 100. The collected data are presented in Tables 9 and 10 . Fourth, the expert group-III is responsible for calculating the ranking result by the proposed method. The SDD matrixes for each criterion as well as the separation of each alternative from positive and negative ideal solution are given in Appendix C. Finally, the relative closeness to the ideal solution is calculated as (0.466, 0.372, 0.543, 0.513, 0.557). The ranking result E > C > D > A > B is obtained, which implies that alternative E is the optimal one. Obviously, the ranking result is different from the result A > B > C > D > E in Rainey's paper [16] , which selected the optimum position for a barrage in the Severn Estuary from the power point of view. The enormous difference illustrates that other factors besides the power generation capacity are crucial. Although the most important factor influencing the site selection of TPP would always be the power generation capacity, the site selection of TPP is also influenced by the construction cost, environmental effect, and social effect and so on. It might cause wrongly decisions on choosing the best location by not taking into account all the factors. To be more convincing, the four criteria collectively influencing the power generation capacity of TPP are only used for decision-making by our proposed methodology: the tidal range (C11), the basin area (C12), the barrage length (C13) and the water depth (C15). Then the overall scores is calculated as (0.549, 0.518, 0.517, 0.460, 0.451) and then ranking result is obtained as A > B > C > D > E. This also proves the validation of our proposed methodology from a different perspective. Furthermore, in order to gain a deeper understanding of the performance of every alternative on every criterion, the overall scores of five alternatives on three criteria are also conducted and shown in Table 11 . As the table shows, the overall score of the optimal alternative E ranks the last with respect to the criteria C3. Thus, for the alternative E, the committee needs to take corresponding measures to mitigate the serious ecological and environmental impacts. If these measures cannot be done, the committee should consider the alternative C as the optimal one since the gap of score between alternative E and alternative C is very small.
In sum, the roles of the proposed methodology in the decision making process are significant and mainly manifested in two aspects: (1) the proposed methodology helps the committee to select the initial optimal TPP site from numerous potential sites by comprehensively considering various factors; (2) the proposed methodology helps the committee to take some corresponding measures to improve the poor performance of a certain proposal. So the decision-making mistake can be decreased by our proposed methodology. Table 11 . The ranking result of alternatives on overall goal and every criterion. 
Analysis of the International Relevance of This Paper
This paper is not only limited to the site selection of TPP in Chinese areas, but also suitable for the site selection of TPP worldwide. Firstly, this paper has established a comprehensive index system for the TPP site selection. The index system is not designed for Chinese regions, but for regions worldwide. For a certain region worldwide, the corresponding criteria and sub-criteria used for decision-making can be selected from the index system. The regional features of the location of TPP decide which criteria and sub-criteria are used for decision. This process of criteria selection is performed by some international authoritative experts, whose academic backgrounds are hydrologic, policy/legislation, engineering, renewable energy, social, economic and environmental fields. Moreover, the importance of every criterion in different regions is different. For example, the weight of tidal range in the Chinese case is about 0.111, however, it is 0.231 in the Severn Estuary case. The reason is that the tidal range in coastal areas of China is relatively low, so it is difficult to maintain the operation of TPPs only by the profits of power generation. This is, the site selection of TPP in China places more emphasis on the other factors rather than tidal range, such as multiple-utilization benefits, but this situation does not exist in the Severn Estuary case, so the methodology in this paper has taken the regional differences into account with respect to the TPP site selection.
Secondly, for any region worldwide, the forms of criteria values for TPP site selection can be divided into three kinds: real numbers, random numbers and interval numbers. The major advantage of this method is that it can cope with multiple forms of criteria values including real numbers, random numbers and interval numbers. For these criteria that their values can be measured definitely and expressed by a single number, their value's form is a real number; For these criteria that their values can be measured definitely and cannot be expressed by a single number, their value's form is random number; for these criteria that their values are difficult to measure definitely, their value's form is an interval number.
Thirdly, this paper combines with the roles of project managers and expert groups. The project managers and expert groups play a key role in any engineering project at home and abroad. To reduce the duplication of effort and improve efficiency, the tasks of project managers and expert groups have been specified. In this paper, a committee consisting of different level project managers three expert groups is set up. The numbers of project managers and expert groups can be adjusted according to the size of a certain TPP. In a word, the proposed methodology is not limited to the site selection of TPP in Chinese areas, but can be used worldwide.
Conclusions
The site selection plays an important role in the entire life cycle of a TPP project. However, related researches are scarce and some problems still exist: (a) an effective and suitable method for TPP site selection has not been proposed; (b) there is no research on integrating a series of criteria into an evaluation index system to comprehensively reflect the inherent characteristics of TPP site selection.
Hence, in this paper, a novel method based on INPD and SDD is proposed for TPP site selection. It can cope with multiple forms of criteria values simultaneously. Meanwhile, it can also take the preference of all stakeholders into consideration and overcome the shortcomings in traditional SD rules. Besides, an evaluation index system for TPP site selection is built, which consists of four criteria associated with a total of 22 sub-criteria. In order to reflect the inherent characteristics of TPP site selection comprehensively, these factors of construction conditions, existing policy/legislation, social impacts as well as ecological and environmental impacts are integrated into the evaluation index system. This comprehensive index system applies not only to the evaluation of the four particular sites in China, but also to the evaluation of sites elsewhere.
Finally, a case study of the coastal areas of China is carried out. Four ideal sites are selected among 426 potential TPP sites by setting up a series of constraints. After that, the proposed method is employed to rank the four best TPP sites. The result shows that the Bachimen TPP located in Fujian Province ranks the first and should be selected as the optimal site. Moreover, a sensitivity analysis is performed to show that the decision result has good robustness and a comparative analysis is carried out to illustrate the effectiveness and applicability of the proposed methodology.
This article has provided a theoretical basis for the site selection of TPP in China, and fills the gaps in the study of the site selection. Moreover, it could be applied to international TPP site selection. The proposed method can analyze the good or poor performance of alternatives with regard to every criterion clearly and also obtain the gaps between an ideal choice and other alternatives. Thus it helps project managers to make better decisions and the probability of decision-making mistake can be decreased. The proposed method can also be employed to other MCDM problems. Such as: construction project selection, material supplier selection and many other areas of management decision problems or strategy selection problems. In the future, it is worthwhile to extend this proposed method to deal with other forms of criteria values, such as fuzzy number and linguistic information.
Analysis of the Criteria for TPP Evaluation
• C1: Construction conditions. Construction conditions play a decisive role in site selection due to its determination of the annual energy output and needed investment of a TPP.
• C11: Tidal range (m). It has been accepted that the energy effectively recovered from the tidal motion is proportional to the square of the tidal range [48] . Sites with large tidal range are therefore best suited for tidal power development, whereas sites with low tidal range that are less suited for energy extraction [49] .
• C12: Basin area (km 2 ). The capacity of the basin is another determining factor of the tidal barrage power [50] . The difference of basin area between various sites is usually significant. • C13: Degree of sediment silting (cm/year). The issue of sediment movement must be paid attention to in the whole process of a TPP, which includes planning, design, construction and operation. The degree of sediment silting directly relates to the power head, and then influence the service life of a TPP. Many TPPs were abandoned because of serious sediment silting, summarized from many painful lessons. • C14: Barrage length (km). A barrage is created across an estuary with turbines located along its length [51] . The high construction costs are considered as one of the greatest issues when deciding whether or not a site is economically viable for tidal energy extraction [52] . Moreover, a narrow barrage is helpful to create high velocities, which can be captured with the use of turbines.
• C15: Foundation stability. The foundation stability also influences the cost of construction. The batholith is the most ideal foundation because it will greatly reduce the quantities of construction work [52] . However, reinforcement would be required if the foundation is silt. For the reason that the silt has great compressibility and little bearing capacity that results in the sink of the project. • C16: Seismic intensity (degree). It is well known that earthquake will take a devastating disaster over TPP. Therefore, the risk of earthquake cannot be ignored.
• C17: Distance to the local grid (km). Connecting the TPP to the main grid will increase the total amount of electricity in national grid and overcome the discontinuity of tidal energy. Large and medium-sized TPPs are often far from load center, which means long-distance transmission line is required.
• C18: Water depth (m). The water depth affects the generation capacity of TPP in a certain extent. • C19: Flow velocity (m/s). The flow velocity is related to the seabed deposition rates and flushing rates [31] .
• C2: Existing policy/legislation. Policy/legislation has the potential to have a dramatic effect on the future of tidal energy presenting many opportunities alongside many risks to existing and future tidal developments [53] . Thus, tidal energy policy/legislation has been the main driver for tidal energy development as demonstrated at other countries [54] . The larger TPP projects could require the involvement of national governments if they are to succeed [49] .
• C21: Government subsidies (BYN). Price subsidy from local government can encourage the production of TPP, which generally becomes important source of profits [44] .
• C22: Income tax relief (%). Financial and tax incentives provide the cost reductions tidal energy technologies require to become competitive with conventional energy systems [54] .
• C23: On-grid price (CNY/kW·h). On-grid price directly relate to the economics of TPP. The on-grid price of TPP is usually higher than that of other energy plants.
• C3: Social impacts. The constructions of a tidal barrage will have both positive and negative impacts on society [31] . For example, tidal barrages could increase employment and could also provide flood defenses, which could protect against both tidal and river flood risks. However, restrictions on the ability of commercial and recreational vessels to navigate in the area due to obstructions, collision risks and reduced water depth could be a major negative implication of tidal barrages.
• C31: Electricity load relief. There is no doubt that the construction of a TPP will relieve the local electricity load. Establishing a TPP is a priority in those areas with high demand for electricity. Some factors which include local GDP, population, electricity coverage and per capita electricity consumption collectively affect the electricity load demand.
• C32: Multiple-utilization benefits. The development of TPP is still in the primary stage, and it is hard to maintain its running only by generating power. The benefits of multiple-utilization have a large proportion in the general earnings. In addition, social impacts from multiple-utilization are significant. The multiple-utilization including road and rail links across the barrage, aquaculture in the basin, increased employment, tourism, and farmland reclamation, etc. [31, 49] .
• C33: Storm surge and flood control. Storm surge disasters are becoming a restrictive factor in the economic and social development of China's coastal areas. Fortunately, tidal defense engineering plays an important role in defending the invasion of storm surges and reducing its harmful effects [55] . In addition, tidal defense engineering is also created for flood control. Thus, the construction of tidal defense engineering effectively improves the defense standard of storm surge and flood. • C34: Maritime traffic effect. The construction and service of a TPP need occupy navigation channel [52] . Thus the TPP sites should avoid maritime traffic as much as possible.
• C4: Ecological and environmental impacts. There are numerous ecological and environmental factors that must be considered for the site selection of TPP. Available evidence suggests that the ecological environment impacts of a tidal barrage would be significant, which result from the barrage construction and operation; however, benefits would be possible [31] . The tidal energy will reduce the emissions of polluting gases since it is a clean and unpolluted energy.
• C41: Flow of the tidal currents change. Building a dam across an estuary or bay will affect the flow of the tidal currents significantly [52] . For example, a Cardiff-Weston barrage could reduce the maximum tidal current in upstream areas by 45%.
• C42: Water quality within the basin damage. Barrages are expected to reduce tidal flushing rates [31] . Thus they have a significant effect on water quality within the impounded basin, like the water temperature and salinity [44] .
• C43: Fish and other marine animals' damage. The effect on fish and other marine animals may be detrimental, due to their passing through the turbines. Potential effects on fish, particularly migratory species, may arise through mortality at the turbines or delayed passage, as has been found at Annapolis [49] . Fortunately, since the development of the first bulb turbine there has been significant advancements in fish friendly technology [56] .
• C44: Area of tidal flat reduction (km 2 ). The morphology of tidal flats is a complex outcome of tides, waves, sediment properties and ecological processes [57, 58] . Tidal flats provide housing and feeding grounds for a wide range of marine life, animals, and birds. In addition, the tidal flat is also a source of revenue for residents in the area. But the construction of TPP will reduce the area of the tidal flat by 40 percent of the current level [59] . Therefore, the reduction in the area of the tidal flat implies the loss of space for spawning, birth, breeding, etc. [59, 60] .
• C45: Carbon emissions reduction (t/year). Tidal energy as a clean and renewable energy source, of which the benefits of carbon reduction are an important part of their environmental influence. Marine renewable energy from tidal barrages is carbon-free and has the potential to make a significant contribution to energy supplies now and in the future [11] . The reduced carbon emission can be considerable, both saving money and is a move in the right direction when it comes to tackling climate change.
• C46: Groundwater pattern change. In most coastal areas, groundwater level dynamics and groundwater discharge dynamics are mainly influenced by tidal forcing [61, 62] . 
